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Abstrat
It is demonstrated that elasti ollisions of ultraold atoms forming a heteronulear ollision
omplex an be manipulated by laboratory pratiable d eletri elds. The mehanism of eletri
eld ontrol is based on the interation of the instantaneous dipole moment of the ollision pair with
external eletri elds. It is shown that this interation is dramatially enhaned in the presene of
a p-wave shape or Feshbah sattering resonane near the ollision threshold, whih leads to novel
eletri-eld-indued Feshbah resonanes.
∗
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The reation of ultraold atoms and moleules has led to many ground-breaking dis-
overies desribed in reent review artiles [1℄. Partiularly interesting is the possibility to
ontrol interations of ultraold atoms and moleules with external eletri and magneti
elds [2℄. External eld ontrol of atomi and moleular dynamis may lead to novel spe-
trosopy methods, provide detailed information on mehanisms of hemial reations and
allow for the development of a salable quantum omputer [3℄. External elds may be used
to tune the sattering length for moleular interations and alleviate the evaporative ooling
of moleules to ultraold temperatures [4℄. Collisions of ultraold atoms an be ontrolled by
magneti elds using Feshbah resonanes [5℄ or by lasers [6, 7℄. Here, we show that ultra-
old ollisions of atoms forming a heteronulear ollision omplex an also be ontrolled by
d eletri elds due to interation of the instantaneous dipole moment of the ollision pair
with external elds. The interation is dramatially enhaned in the presene of a p-wave
sattering resonane near ollision threshold, whih allows for the possibility to tune the
sattering length of ultraold atoms by laboratory available eletri elds. This provides a
new mehanism to ontrol elasti sattering, inelasti energy transfer and hemial reations
in ollisions of atoms and moleules at zero absolute temperature.
Eletri eld ontrol of atomi and moleular interations may oer several advantages
over magneti eld ontrol and optial methods. Optial methods to ontrol ollisions rely
upon the availability of signiant Frank-Condon fators providing ouplings to eletroni-
ally exited states in a partiular range of laser frequenies or a losed two-level system or
the possibility to entangle the internal states of the olliding partners with the enter-of-mass
motion of the ollision omplex [7℄. Laser ontrol of bimoleular proesses may therefore be
rather ompliated and more system-dependent than the d eld ontrol. The evaporative
ooling of atoms and moleules is most easily ahieved in a magneti trap, where magneti
eld ontrol of ollisions may be ompliated due to varying magneti elds of the trap.
Eletri elds indue anisotropi interations. The study and ontrol of anisotropi olli-
sion properties at ultraold temperatures may unover new phenomena in ondensed matter
physis - hene the reent interest in polar Bose-Einstein ondensates [8℄. Anisotropi in-
terations may also be used to onnet qubits in a quantum omputer [3℄ and shemes for
eletri eld ontrol of atomi and moleular interations are partiularly relevant for quan-
tum omputation. Eletri eld ontrol may be appliable to systems without magneti
moments or systems, for whih s-wave Feshbah resonanes annot be indued in a pratia-
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ble interval of magneti elds. Finally, eletri eld ontrol of atomi ollisions may provide
a sensitive probe of sattering resonanes orresponding to non-zero partial waves so the
mehanism desribed here an be used for high-preision measurements of moleular states
near the dissoiation threshold.
Marinesu and You [9℄ proposed to ontrol interations in ultraold atomi gases by
polarizing atoms with strong eletri elds. The polarization hanges the long-range form
of the atom - atom interation potential and modies the sattering length. The interation
between an atom and an eletri eld is, however, extremely weak and elds of as muh
as 250 to 700 kV/m were required to alter the elasti sattering ross setion of ultraold
atoms in the alulation of Marinesu and You. The maximum d eletri eld urrently
available in the laboratory is about 200 kV/m [10℄. We propose an alternative mehanism
for eletri eld ontrol of ultraold atom interations and demonstrate that the sattering
length of ultraold atoms an be manipulated by eletri elds below 100 kV/m.
We onsider ollisions in binary mixtures of ultraold gases. Mixtures of ultraold alkali
metal atoms have been reated by several experimental groups [11, 12℄. When two dierent
atoms ollide, they form a heteronulear ollision omplex whih has an instantaneous dipole
moment so it an interat with an external eletri eld. The interation is weak. The
dipole moment funtion of the ollision omplex is typially peaked around the equilibrium
distane of the diatomi moleule in the vibrationally ground state and quikly dereases
as the atoms separate. Only a small part of the sattering wave funtion samples the
interatomi distanes, where the dipole moment funtion is signiant. At the same time,
the interation with an eletri eld ouples states of dierent orbital angular momenta.
The zero angular momentum s-wave motion of ultraold atoms is oupled to an exited p-
wave sattering state, in whih the olliding atoms rotate about eah other with the angular
momentum l = 1 a.u. The probability density of the p-wave sattering wave funtion at
small interatomi separations is very small and the oupling between the s- and p- ollision
states is suppressed. In this work, we show that the interation piture is dramatially
dierent in the presene of a p-wave sattering resonane near the ollision threshold. The
resonant enhanement of the wave funtion magnies the interation of the ollision omplex
with an eletri eld so that the sattering length of the olliding atoms beomes sensitive
to the eletri eld strength.
To explore the eets of eletri elds on atomi ollisions near Feshbah resonanes,
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we have studied the ollision problem of Li with Cs in the presene of external eletri
and magneti elds. Magneti elds were used to tune Feshbah resonanes. The total
Hamiltonian of two alkali metal atoms an be written in the form [13, 14℄
Hˆ = −
1
2µR
d2
dR2
R +
lˆ2(θ, φ)
2µR2
+ γ(a)Iˆ(a) · Sˆ(a) + γ(b)Iˆ(b) · Sˆ(b) +
∑
S
∑
MS
|SMS〉VS(R)〈SMS| −
E cos θ
∑
S
∑
MS
|SMS〉dS(R)〈SMS|+ 2µ0B(Sˆ
(a)
z + Sˆ
(b)
z )− B
(
µ
(a)
I
I(a)
Iˆ(a)z +
µ
(b)
I
I(b)
Iˆ(b)z
)
(1)
where µ is the redued mass of the olliding atoms, R is the interatomi separation, θ and
φ speify the orientation of the interatomi axis in the laboratory-xed oordinate system,
l is the angular momentum desribing the orbital motion of the olliding atoms about eah
other, VS(R) and dS(R) are the interation potentials and the dipole moment funtions of
the diatomi moleule in the states with the total eletroni spin S, E is the eletri eld
strength, B is the magnitude of the magneti eld, Sˆz are the operators yielding the z-
projetion of the atomi eletroni spins, Iˆz are the operators yielding the z-projetion of
the atomi nulear spins, µ0 is the Bohr magneton, µI are the nulear magneti moments,
γ denotes the hyperne interation onstants of the atoms, and the supersripts (a) and (b)
are used to label the dierent atoms. We assume that both the magneti and eletri elds
are direted along the z-axis.
We expand the total wave funtion in terms of produts of the partial waves φlml and the
atomi wave funtions as follows
ψ =
1
R
∑
l
∑
ml
∑
fa
∑
mfa
∑
fb
∑
mfb
Flmlfamfafbmfb (R)φlml(θ, φ)χfamfaχfbmfb , (2)
where fa and fb are the total angular momenta of the atoms (a) and (b) and mfa and mfb
are the projetions of fa and fb on the spae-xed quantization axis. The substitution of
the expansion (2) in the Shrödinger equation with the Hamiltonian (1) leads to a system
of oupled dierential equations for the expansion oeients F (R). The oupling matries
are determined in the |famfafbmfb〉 representation using the angular momentum reoupling
oeients, as desribed, for example, in Ref. [15℄. We note that fa and fb are not onserved
at R = ∞ due to interations of the atoms with magneti elds and the oupled equations
4
annot be solved diretly in the |famfafbmfb〉 representation. Therefore, we introdue an ad-
ditional diagonalizing transformation as was desribed previously [16℄ and solve the oupled
equations in the representation, in whih the Hamiltonian (1) is diagonal at R = ∞. For
VS(R), we use the interatomi interation potentials of the LiCs moleule in the eletroni
states
1Σ+ and 3Σ+ onstruted by analytial ts to the ab initio data of Korek et al. [17℄
at interatomi distanes between 5.2 and 14 bohr smoothly joined to the long-range form
−C6/R
6−C10/R
10−C12/R
12
. The oeients C6, C10 and C12 for the Li-Cs interation were
taken from the database of Marinesu and Vrineanu [18℄. For dS(R), we use the Gaussian
funtions that resemble the dipole moment funtions of the LiCs moleule in the S = 0 and
S = 1 states omputed by Aymar and Dulieu [19℄. The Li-Cs system is a representative
example of a heteronulear ollision omplex with a substantial dipole moment. Ultraold
mixtures of Li and Cs have been reated and studied in several reent experiments of Mu-
drih et al. [12℄. We onsider ollisions of Li and Cs atoms initially in the mfa = mfb = +1
states of the lowest energy. Three partial waves l = 0, l = 1 and l = 2 were inluded in these
alulations, whih resulted in systems of 45 oupled dierential equations. We have veried
that adding higher partial waves does not hange the results presented. The interation
with asymptotially losed hannels orresponding to the quantum numbers mfa +mfb = 2
gives rise to Feshbah sattering resonanes.
Figure 1 shows the variation of the ross setions for elasti s-wave sattering, elasti
p-wave sattering and the s→ p transition as a funtion of the magneti eld at a ollision
energy of 10−7 m−1. The elasti ross setions were omputed at zero eletri eld strength
and the ross setion for the s → p transition was omputed at an eletri eld magnitude
of 30 kV/m. The s → p transition is indued by the interation of the ollision omplex
with the eletri eld. The peaks in the elasti s-wave ross setion orrespond to s-wave
Feshbah resonanes; the peaks in the elasti p-wave ross setion orrespond to p-wave
Feshbah resonanes. The s → p ross setion is enhaned at both the s-wave and p-wave
resonanes. This indiates that the s → p oupling and the interation with eletri elds
an be enhaned either by an s-wave or by a p-wave sattering resonane near threshold.
The resonane enhanement of the s → p oupling hanges the ross setion for the s → p
transition by 4 to 6 orders of magnitude.
Figure 2 demonstrates the eet of a p-wave resonane on the s-wave elasti satter-
ing ross setion. The elasti sattering ross setion is proportional to the square of the
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sattering length. At zero eletri eld, the s- and p- states are unoupled and the p-wave
resonane annot aet the sattering of ultraold atoms. As the eld strength inreases,
the interation with the eld indues a resonant variation of the elasti s-wave sattering
ross setion. The variation is sensitive to the magnitude of the eletri eld. The left pan-
els of Fig. 2 show that inreasing the eletri eld strength from 90 to 105 kV/m hanges
the ross setions for s-wave elasti sattering and the s → p transition by many orders of
magnitude.
Feshbah resonanes may not be tunable in some moleules of interest for hemial ap-
pliations. However, most atomi and moleular systems are haraterized by shape (single-
hannel) resonanes. Shape resonanes are ubiquitous in heavy systems whih posses large
densities of states. To explore the eets of eletri elds on atomi ollisions near shape
resonanes, we repeated the alulations for Li - Cs ollisions using a single potential urve
1Σ and the orresponding dipole moment funtion. To indue a single-hannel p-wave res-
onane, we slightly modied the redued mass (or equivalently the interation potential)
of the olliding atoms. Figure 3 shows the variation of the elasti sattering ross setion
with the eletri eld strength near the shape p-wave resonane. The two urves orrespond
to dierent positions of the shape resonane. This model result demonstrates that ele-
tri elds may also be used to manipulate ollisions in the presene of naturally ourring
single-hannels resonanes.
In summary, we have shown that the sattering length of ultraold atoms forming a het-
eronulear ollision omplex an be manipulated by laboratory moderate d eletri elds.
The elasti sattering ross setion is modied due to the interation of the instantaneous
dipole moment of the ollision system with external eletri elds. This interation is dra-
matially enhaned in the presene of an s-wave or p-wave sattering (shape or Feshbah)
resonane near the ollision threshold.
Sattering resonanes are ubiquitous in ollisions of heavy atoms and moleules and many
ollision systems will naturally have a resonane state near ollision thresholds [20℄. One
example is the F + H2 ollision omplex [2, 21℄. In addition, both s-wave and p-wave res-
onanes an be tuned by magneti elds. Atomi and moleular ollisions may thus be
ontrolled by superimposed magneti and eletri elds. Magneti elds do not ouple dif-
ferent partial wave states. Tuning a p-wave resonane in a ollision system of distint atoms
will not aet ultraold ollisions in the s-wave limit. Applying an eletri eld as dis-
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ussed in this paper will then provide a route to ontrol ultraold ollisions. The sattering
amplitude in the p-wave ollision hannel is not spherially symmetri so the mehanism
desribed here an be used to manipulate angular distributions of sattering produts at
ultraold temperatures. Ultraold ollisions are dominated by s-wave sattering and reso-
nanes orresponding to non-zero partial waves may be diult to observe in an ultraold
sattering experiment. Our results show that measurements of the s-wave sattering length
in superimposed magneti and eletri elds may yield aurate information on moleular
states with non-zero angular momenta. Our work suggests a mehanism for eletri eld
ontrol of hemial reations at zero temperature. Inreasing the sattering length for atom
- moleule ollisions results in enhanement of hemial reation rates [2, 21℄. Consider, for
example, the hemial reation between a uorine atom and an H2 moleule [22℄. The F +
H2 reative omplex must have a large dipole moment so external eletri elds may enhane
or redue the reation time, similarly to how the elasti sattering of Li with Cs has been
shown to vary with the eletri eld strength. An experimental demonstration of eletri
eld eets on ultraold hemial reations will open up a new eld of ontrolled hemistry
with many interesting appliations [2℄.
The results of Fig. 2 show that d eletri elds may indue novel Feshbah resonanes.
The resonant enhanement in the left panel of Fig. 2 is due to oupling between two asymp-
totially degenerate states with nite lifetimes. Dimers near an eletri-eld resonane will
be polarized and may interat through the long-range dipolar interation. An experimental
study of eletri-eld-indued resonanes in ultraold gases may unover new interesting
phenomena. For example, the properties of Bose-Einstein ondensates may be modied by
suh resonanes so that the ultraold mixtures beome unstable or vise versa. In addition,
the oupling between the s- and p-wave states may alter the expansion properties of ultra-
old louds released from the trap - the phenomenon reently observed in the ondensate of
Cr [8℄.
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FIG. 1: Cross setions for elasti s-wave sattering (upper panel), elasti p-wave sattering (middle
panel) and inelasti s → p transitions at an eletri eld strength of 30 kV/m. The elasti sattering
ross setions are omputed at zero eletri eld. The ollision energy is 10
−7
m
−1
.
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FIG. 2: Left panels: Cross setions for elasti s-wave sattering (upper panel), and inelasti s → p
transitions (lower panel) as a funtion of the eletri eld strength at the magneti eld magnitude
4709.6 Gauss. Right panels: Elasti s-wave (full urve) and p-wave (broken urve) ross setions
omputed at zero eletri eld (upper panel) and 100 kV/m (lower panel). The ollision energy is
10
−7
m
−1
. The eletri eld not only ouples the s- and p-states, but also shifts the positions of
the p-wave resonanes, thereby induing the resonant variation of the s-wave ross setion.
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FIG. 3: Variation of elasti s-wave sattering ross setion at zero ollision energy with the eletri
eld in the presene of a p-wave shape resonane near threshold. The ollision energy is 10
−7
m
−1
.
The two urves orrespond to two slightly dierent positions of the resonane.
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